The magnetization reversal of three-segment cylindrical nanoelements comprising of alternating nanowire and nanotube sections are investigated by means of Monte Carlo simulations. Such nanoelements may feature a three-state behaviour with an intermediate plateau in the hysteresis due to a metastable pinning of the domain walls at the wire-tube interfaces. It turns out that vortex as well as transverse domain walls contribute to the magnetization reversal. By varying the geometric parameters, the sequence, or the material of the elements the nucleation location of domain walls can be tailored. One prominent example is that domain walls can be nucleated near the centre of the element which traverse to the outer tips of the cylindrical structure when the applied field is increased. This opens the possibility to use these three-segment nanoelements for the field induced delivery of domain walls as substitutes for large nucleation pads.
Introduction
During the last decades much attention has been given to the development of novel nanostructures with potential for future applications. In particular, patterned magnetic structures such as arrays of wires, tubes, dots and rings have been prepared and proposed as data storage media, spintronic devices, and even for biomedical applications [1, 2] . In particular, one of the subjects of intense research are domain walls (DWs) in ferromagnetic wires, focusing on the search for methods that allow the injection of reproducible DWs, with well defined properties. One of the proposal considers the use of large end pads linked to the wire [3] . When a pad is built at one end of a magnetic wire, a magnetic domain wall is always injected from the pad into the wire, making possible to specify the direction of wall propagation in the magnetization reversal process. On the same line, Cowburn et al. [4] claim that, when using such pads, once the DW is injected, it is free to move along the wire. Another similar experiment was presented by D. McGrouther et al. [5] . In this case, the use of micron-scale pads favours the formation of a vortex DW whose chirality can be selected.
A different proposal [6] considers the use of a He or Ga focused ion beam irradiation for controlled injection of DWs in a Pt/Co/Pt strip. DWs experience pinning at the irradiation boundary, due to a different anisotropy at both sides of the boundary. In the same direction, Lavrijsen et al. [7] used Ga + irradiation of Pt/Co/Pt strips to locally change the perpendicular magnetic anisotropy. This allows the controlled injection of DWs into a device at a tunable field.
Despite the fact that all these proposals consider the propagation of DWs in magnetic wires, a different type of nanostructure with cylindrical symmetry -tubes -have begun to draw much attention in the latest years. Tubes are softer than nanowires, and offer an additional degree of freedom: the thickness of their walls. This advantage opens new technological possibilities that have contributed to foster the research in nanotubes.
Regarding the magnetization reversal process, long nanotubes exhibit reversal modes mainly driven by two distinct mechanisms, transverse and vortex domain walls [8] . Both modes, according to the geometrical parameters of the tubes, show different coercivity behaviour [9, 10] . Due to the interesting physics that tubes offer, some other similar structures that include tubes have been studied. As examples multilayer microwires have been introduced by Pirota et al. [11] . Such structures consist of two metallic layers separated by an intermediate insulating microlayer. In the same direction, it have been recently proposed elements composed by wires and tubes [12, 13] , looking for the possibility of controlling the coercivity by generating a partial pinning of the domain wall at the interface between tube and wire sections. In a previous paper, Neumann et al. [12] studied the possibility of controlling the domain wall propagation in order to obtain a three-state magnetic behaviour. Such behaviour is characterized by a step or plateau in the hysteresis curve. Focusing on the same structures, Salazar-Aravena et al. [13] reported systematic changes in their coercivity and remanence as a function of geometry, suggesting the possibility of using them to perform logic functions.
Following these ideas, we explore structures composed by three elements in this article by means of Monte Carlo simulations looking for the possibility of controlling DW injection and displacement in order to tailor a multi-state magnetic behaviour. Such property, characterized by steps or plateaus in the hysteresis curve, appears when the nanoelement is composed of sections with different coercivities, a situation that can be achieved in different ways. Here we choose to explore the different nucleation fields associated with vortex and transverse reversal modes, the changes in the length of the structure, and the choice of materials. Specifically, we consider elements composed by one or two nanowires (W) and one or two nanotubes (T), defining a three-structure element, as shown in Figure 1 . These elements, as compared to the two-elements structures reported previously, allow to explore in detail the magnetization reversal process, separating the effect of the position (centre or tips) with other effects imposed by the geometry.
These elements, which will be called "TWT" or "WTW" from now on, can be prepared by the deposition of magnetic materials in an AAO template using a complex pulsed electrodeposition technique as a continuation and development of synthesis routes known in the literature [14, 15] . As will be shown, and via the choice of external and internal diameters, it is possible to define, for a given material -Ni or Co in our case -, which type of reversal mode will be preferred in the wire and in the tube sections. This way one can engineer softer tubes and harder wires in order to obtain the desired coercivity difference leading to steps or plateaus. This difference may be increased by the choice of different materials for the wire and tube sections. In addition, these elements offer the possibility of controlling the place at which domain wall nucleate, offering a new alternative for large nucleation pads.
Computational Model
The energy of a nanoelement with N atoms can be written as E = − i µ i · H eff i , with an effective field given by Table 1 : Geometric parameters, materials and reversal modes for the nanoelements used in the simulations. In the fifth column "v" stands for "vortex domain wall" and "t", for "transverse domain wall".
where µ i is the magnetic moment of atom i with saturation value equal to µ Ni = 0.61 µ B or µ Co = 1.72 µ B [16] , depending on the atomic species. In the effective field expression, H denotes the external applied field. In the anisotropy field contribution, K i is the anisotropy constant andê i is the anisotropy easy axis. The anisotropy field contribution was included for Cobalt atoms only, therefore, K i = 0 for Nickel atoms and K i = 34 µeV/atom for Cobalt. This value is equivalent to 5 × 10 6 erg/cm 3 [16] . In the exchange field, J ij is the exchange coupling constant with nonzero values only between nearest neighbours:
J Ni-Ni = 3.5 meV [8, 10] , J Co-Co = 39.5 meV [17] and
in the dipolar field term r ij is the distance between the i-th and j-th atoms andn ij is the unitary vector along r ij . For simplicity we have placed both nickel and cobalt atoms in a FCC lattice with parameter a = 3.52Å. Dimensions of the multi-segmented nanoelements we studied in this paper are shown in Table 1 .
Each segment is 400 nm long, so that all elements (except for WTTW4 and WTWW4) have length L = 1200 nm. In case the of WTTW4 (WTWW4), the tube (wire) section is twice as long, leading to a total length of 1600 nm. Whenever a simple wire or tube is used for comparison, it is implicit that it has the same overall dimensions (D, d and L) as the TWT or WTW that it is being compared to.
The magnetic systems considered herein, although nanometric in scale, comprise a total of N ≈ 10 8 atoms, which is out of reach for a Monte Carlo simulation taking into account dipolar interactions with O(N 2 ) complexity. A scaling technique [17] was used to reduce the number of interacting atoms that were needed correctly reproduce the magnetic behaviour of the systems. The values of the scaling parameters are the same as in Reference [12] . Based on our current computational facilities, we have designed the downscaled systems to have 6000 < N < 10000 atoms. For the scaling of the temperature we used the expression T = χ 3η T [18, 19] .
Following the regular Metropolis algorithm for Monte Carlo simulations, the new orientation of a magnetic moment was randomly chosen on the surface of a sphere and this change was accepted with
, where ∆E is the change in energy due to the reorientation of the magnetic moment and k B is the Boltzmann constant. For out-of-equilibrium Monte Carlo simulations, such as hysteresis curves, the rate at which the parameters change is an important aspect to allow for comparison between results. Then we kept fix the external field swept for all simulations at a rate of 50
Oe for each 800 Monte Carlo steps.
Results and Discussion
For each of the geometries in Table 1 , we simulated hysteresis curves at T = 300 K with the field applied along the element axis. Additionally, we present the differential susceptibility, dM z /dH, as insets in the hysteresis graphs. For each nanoelement we highlight the important points along one of the field sweeps (increasing or decreasing) of its hysteresis curve. The points are numbered (in lowercase
Roman numerals) and emphasized by arrows in the main hysteresis graph and by points overlaid to the differential susceptibility plot in the corresponding inset graph. The snapshots of the magnetization profile corresponding to these points are also shown. The magnetization profile is shown in terms of the normalized axial (M z ) and planar (M p ) components, where the dotted (gray) lines representing M i = {0, ±1} are guides to the eyes. In the following we will correlate these 3 quantities -hysteresis curve, differential susceptibility and magnetization profiles -in order to explain the observed phenomena.
Ni nanoelements featuring vortex domain walls (TWT1 and WTW1)
In Figure 2 we see the reversal process for elements TWT1 and WTW1 compared to those of simple Ni tubes and wires with the same overall dimensions. The hysteresis plot itself, in Figure 2a , tells very little about inner details of the reversal process but the inset graph, allied to the magnetization profiles in Figures 2b and 2c , allows us to observe the reversal process in detail.
The reversal of TWT1 (see Figure 2b ) starts with the emergence of vortex domain walls at the free tips (i), which then move along the tube segments towards the centre (ii) until they are partially pinned at the wire-tube interface (iii). This partial pinning is associated with the local minimum present in Figure 2a (inset). Then, as the vortex domain walls move past the interface and the wire segment in the middle reverts its magnetization (iv) the susceptibility increases again. The area of peaks (ii) and (iv) in the susceptibility is proportional to the magnetic volumes of the regions involved in the magnetization reversal.
While the nucleation field for TWT1 remained equal to that of a simple Ni tube, a larger value (closer to that of a simple Ni wire) was observed for WTW1 due to the fact that the (softer) Ni tube segment is in the middle of the nanoelement, thus, far from edge effects that usually help the nucleation of domain walls. This increases the similarity between the nucleation fields for the tube and wire segments which, in turn, leads to an apparently trivial reversion process characterized by a single peak in the differential susceptibility as depicted in Figure 2a (inset). In Figure 2c , however, we observe a non-trivial reversal process that starts with the nucleation of vortex domain walls at the free tips of the wire segments (i) but, before these domain walls manage to cross the wire segments, the tube segment in the middle reverts as a whole (ii), leading to the observed peak in the susceptibility. The presence of the wire segments at the extremities of the central tube segment induce a different non-trivial reversal mode due the absence of an obvious nucleation site.
Ni nanoelements featuring vortex and transverse domain walls (TWT2 and WTW2)
By changing the radial dimensions of the segments, one can induce transverse domain walls in the wire segments, which have higher nucleation fields as compared to vortex domain walls. This increase in the difference between nucleation fields in the tube and wire segments leads to an enhancement of the pinning effect, as shown in Figure 3a . In this case, both TWT2 and WTW2 present the same double peakpoints (ii) and (iv) -structure for the differential susceptibility with the minimum between them -point (iii) -representing the partial pinning of the domain wall. The first peak (ii) is related to the reversal of (softer) Ni tube segments and the second peak (iv), to the reversal of (harder) Ni wire segments.
In Figure 3b , we show the reversal process for TWT2 in terms of its magnetization profiles at selected points during the hysteresis. The reversal starts with the formation of vortex domain walls at the tips of the outer Ni tube segments (i), that later move towards the central wire section (ii) until they are partially pinned at the interface (iii). At this point, a transversal domain wall is formed at the interface.
Finally, the newly created transversal domain walls meet at the centre of the wire section (iv).
The magnetization profiles during the hysteresis of WTW2 are depicted in Figure 3c . When the nucleation of transversal domain walls at the tips of the outer wires has barely started (i), the central tube section reverts showing the absence of a specific site for nucleation (ii). Then, as the domain walls reach the interface and are partially pinned (iii) their transverse character is strengthened. Finally, transverse domain walls from the outer tips and moving towards the centre put an end to the reversal as they meet with the outward-moving domain walls (iv). The meeting point of the inward-and outwardmoving domain walls is clearly not the centre of the outer wire segments, which denotes a reduction of the nucleation field at the wire-tube interfaces with respect to the free wire tips.
Nanoelements with Ni and Co segments featuring vortex domain walls (TWT3 and WTW3)
An extra source of difference between wire and tube segments was added by making the wire segments even harder with the switch from Ni to Co as the constituting species. The reversal modes in each segment are the same as in TWT1 and WTW1 due to the choice of diameters. The huge difference in nucleation fields generates a plateau having a width of ≈ 5.8 kOe in the hysteresis curve, as noted previously [12, 13] .
The differential susceptibility presents (see inset in Figure 4a ), therefore, two peaks separated by a null region. The first peak (ii) is related to the reversal of the (softer) Ni tube segment and the second (v) to that of the (harder) Co wire segment. The plateau lies between points (iii) and (iv) in Figure 4a , during which the domain walls cross the wire-tube interfaces (see Figures 4b and 4c) . In both cases, points (iii) and (iv) represent the passing of the head and the tail of the domain wall, respectively, at the interface.
For TWT3 (see Figure 4b) , the reversal starts at the tips of the Ni tube segments (i) and evolves until the vortex domain walls meet at the centre of the Co wire segment (v). On the other hand, WTW3 (see Figure 4c ) starts reverting from the centre (ii) where the Ni tube segment is located. After passing by the interface between points (iii) and (iv), the vortex domain walls move outwards along the wire segments until they meet with inward-moving domain walls coming from the tips. It is striking, though, to note that this meeting point is quite far from the centre of the wire segment, which demonstrates the large difference in the nucleation fields at the two extremities (the free and the interface) of the outer wire segments.
Nanoelements with Ni and Co segments featuring vortex and transverse domain walls (TWT4 and WTW4)
By allying the choice of materials with the choice of reversal modes one can further increase the effects studied herein. Due to the even larger difference of nucleation fields for the transversal domain wall in the Co wire and the vortex domain wall in the Ni tube, we obtain a larger plateau of, approximately, 8.1 kOe between points (iii) and (iv) in Figure 5 . The two-peak structure for the differential susceptibility is maintained (see Figure 5a ).
As in the previous cases, for TWT4 (see Figure 5b) give rise to a new technique: by magnetic field pulses used for this minor loop one can repeatedly create domain walls at the outer ends.
Segments with unequal lengths (WTTW4 and WTWW4)
In view of the previous subsection, in which a domain wall was injected into a harder segment from a softer one, we test the validity of our previous conclusions by considering similar systems in which one of the segments, either the tube or the wire, is twice as long as in WTW4. Therefore, starting from WTW4, we doubled the length of the central tube (outer wire) segment, obtaining the system called WTTW4 (WTWW4) as described in Table 1 .
Comparing WTTW4 and WTW4 in Figure 7a , one sees that the only change in the hysteresis curve caused by the increase in length of the central Ni tube segment with respect to WTW4 is the larger drop in magnetization after the reversal of the tube, due to the larger fraction of the magnetic volume associated to this softer segment. The inset in this figure also shows for WTTW4 the same two-peak structure of the differential susceptibility observed for WTW4. The similarity between those systems is corroborated by comparing Figure 7b to 5c and noting the clear correspondence between points (i)-(v).
For WTWW4 on the other hand, although the hysteresis curve in Figure 7a is very similar to that of WTW4, the presence of the longer Co wire at one end changed considerably the reversal process, evidenced by a third peak in the differential susceptibility appearing at higher fields (inset). The magnetization profile in Figure 7c shows that the second (v) and third (vi) susceptibility peaks are due to the reversal of the shorter and longer Co wire segment, respectively. The outward-moving domain walls coming from the Ni tube segment clearly move more than the inward-moving ones coming from the tips, confirming the success of the domain wall injection.
It is important, however, to note that for both WTTW4 and WTWW4, the meeting point of the inward-and outward-moving domain walls is closer to the centre of the wire segments when compared to WTW4. This fact highlights that the length of the segments plays a key role in determining the effectiveness of the injection of domain walls. If the external magnetic field is varied only in a small range, that is, along the fields at which appear the plateau, one can switch repeatedly between the intermediate plateau and saturation. This is depicted in Figure 6 for the nanoelements TWT4 (a) and WTW4 (b). This reproducible behaviour opens the possibility for using such three-structure-elements for domain walls injection.
Conclusions
A systematic study of the magnetization reversal in three-segment cylindrical nanoelements comprising of alternating nanowire and nanotube segments has been performed using Monte Carlo simulations. By choosing different sets of parameters and materials for the tube and wire segments, the nucleation of vortex and/or transverse domain walls could be tailored, thus creating a manifold of different scenarios for the magnetization reversal. It turned out that by using different lengths for the individual segments, the location for domain wall annihilation along the element axis could be varied.
In all cases, regardless of the position of the wire and tube segments, the magnetization reversal finishes first in the tube segments, even when it starts elsewhere (see Figure 2c) . When there is only one material (except for WTW1), the arrival of the domain wall at the interface leads to a local minimum in the differential susceptibility, since the difference in nucleation field across the interface is not large enough to create a plateau. However, when different materials are used to harden (soften) the wire (tube) section, an intermediate plateau is formed due to the larger difference of nucleation fields on each side of the interface. In general, for the WTW-like elements where the lower coercivity segment is at the centre, the reversal starts at this segment but, due to the lack of a specific nucleation centre, it might start anywhere in this softer section, leading to a irregular profile (see Figure 3c ) For all cases in which an intermediate plateau was observed, the width of the wall decreases notably as it reaches the interface, regardless of the reversal mode. It is important to highlight the absence of a preferential nucleation site for the walls in the WTW elements because in these elements now the tube ends are fixed to the wires, which are harder, preventing the nucleation of the walls at the interfaces. Moreover, because the tube is uniform, the wall can nucleate almost simultaneously in different places, opening the possibility of injecting walls almost simultaneously on both wires by varying the size of the tube. In summary, a novel feature in cylindrical nanostructures was found, which consists of the outward movement of the domain walls from the element body to the element tips. This might give rise to applications in which such nanoelements are used as domain wall delivering structures at its tips. Table 1 ). (a) Hysteresis curves and differential susceptibility (inset) for an applied field along the axis. The red dots (blue squares) mark the position of the points highlighted by solid (dotted) arrows in the main graph. Magnetization profile for selected points during the hysteresis of (b) TWT1 and (c) WTW1. Table 1 ). (a) Hysteresis curves and differential susceptibility (inset) for an applied field along the axis. The red dots (blue squares) mark the position of the points highlighted by solid (dotted) arrows in the main graph. Magnetization profile for selected points during the hysteresis of (b) TWT2 and (c) WTW2. Table 1 ). (a) Hysteresis curves and differential susceptibility (inset) for an applied field along the axis. The red dots (blue squares) mark the position of the points highlighted by solid (dotted) arrows in the main graph. Magnetization profile for selected points during the hysteresis of (b) TWT3 and (c) WTW3. Table 1 ). (a) Hysteresis curves and differential susceptibility (inset) for an applied field along the axis. The red dots (blue squares) mark the position of the points highlighted by solid (dotted) arrows in the main graph. Magnetization profile for selected points during the hysteresis of (b) TWT4 and (c) WTW4. Reversal process for elements WTTW4 and WTWW4 at T = 300 K, alongside with that of its parent system WTW4 (see Table 1 ). The difference between WTTW4 (WTWW4) and WTW4 is that the central Ni tube (outer Co wire) segment is twice as large. (a) Hysteresis curves and differential susceptibility (inset) for an applied field along the axis. The red dots (blue squares) mark the position of the points highlighted by solid (dotted) arrows in the main graph. Magnetization profile for selected points during the hysteresis of (b) WTTW4 and (c) WTWW4. Figure 8 : Reversal process at T = 300 K for elements TWT0 and WTW0, in which the total magnetic volume of wire and tube sections was chosen to be the same. (a) Hysteresis curves for an applied field along the axis. The solid and dotted arrows indicate the points for which the magnetization profile is plotted for TWT0 and WTW0, respectively. Magnetization profile for selected points during the hysteresis of (b) TWT0 and (c) WTW0.
